Structural changes accompanying the isothermal annealing of the metallic glass Fe18 Co60 Si9 Β 13 were investigated by X-ray diffraction, positron annihilation as well as by electrical resistivity and the Hall resistivity measurements. It has been found out that at the temperature of 673 K the complete crystallization did not occur, but only a few nuclei of the α-Fe phase, which did not grow, were formed.
Introduction
Structural changes in metallic glasses and their influence on physical properties are still intensively investigated. The properties that are particularly sensitive to the structural changes are: elasticity (Young modulus), volume, coercivity, and electrical resistivity [1] . Knowledge of conditions under which a material changes its properties, and thus cannot perform its function, gives information about the limits of its application. It was shown in many works that the method of production of the metallic glasSes leads to different initial, structural, and energy stateS, and determines their metastability. Annealing of metallic glasses below the crystallization temperature modifies the short range ordering. Irreversibility is characteristic of majority of those changes. The changes are connected with the topological short range ordering (TSRO) and they reflect the gradual decrease in free volumes specific for metallic glasses. On the other hand, the reversible changes resulting from the periodic change of the sample temperature are connected with the stuctural changes known as the chemical short range ordering (CSRO) [1] [2] [3] . According to the CSRO model the local changes occur in the region nearest to the atom. In many cases both changes take place simultaneously. They can be distinguished by determination of activation energies corresponding to them [3] .
Annealing of the amorphous material above the crystallization temperature results in distinct changes of the structure, which change ordering from the short range to the long range.
Experiment
The investigated metallic glass Fe 18 Co 60 Si 9 B 13 was produced by the roller quenching method in the Institute of Materials Engineering of Warsaw Technical University. The Hall resistivity and electrical resistivity were measured and the atomic stucture was determined by the X-ray diffraction for as-received and annealed samples. The samples were isothermally annealed in the argon atmosphere at the temperature of 673 Κ for 10 2 , 103 , 104 and 2 x 104 s. Each as-received sample underwent the process of annealing. In this paper, lifetime of the positrons was measured as well. Annealing of the samples to measure the lifetime of positrons was carried out at the temperatures of 573 Κ and 773 Κ for different time intervals (1-10 5 s).
The Hall voltage was measured by constant current method in constant magnetic field. The samples used in those measurements had five electrodes. Two of them were used for supplying the samples with a constant current along its length. The other three were used for the Hall voltage measurement and ensured elimination of electrode asymmetry. The samples were prepared by the selective etching using photolitography. For the same samples electric resistivity was also measured at a constant current.
The X-ray measurements were performed by DROΝ-2.0 diffractometer equipped with a horizontal goniometer GUR-5. The applied X-ray tube had a molybdenium target (λKα = 0.71069 x 10 -10 m) and a graphite monochromator in the primary beam.
Measurements of positron lifetimes were carried out with an ORTEC spectrometer of resolution FWHM = 270 ps. A 22 Νa isotope of 3.7 x 10 9 Bq activity was used as a positron source. Each specimen consisted of a few ribbons 15 mm wide and 0.04 mm thick up to the total size of 15 mm x 15 mm x 0.25 mm. The source was placed between two identical investigated samples, forming a "sandwich" system.
Results and discussion
Investigation of the samples of metallic glass Fe18Co60Si9B13 annealed at different temperatures (573, 673, 723, 773 and 823 Κ) during the constant time period of 4 h showed that after annealing at 673 Κ a small amount of the α-Fe phase was formed within the amorphous phase (Fig. 1) . Distinct increase in this phase is caused by annealing at the temperature 723 Κ. Taking into account atomic composition of the sample, we may draw a conclusion that it is a solid solution FeCoSi on the basis of the α-Fe phase. After annealing of the samples at the temperature of 773 Κ the Co 2 B phase with the tetragonal structure is crystallized from the rest of the amorphous phase. It is also possible that the Fe 2B phase with the same tetragonal structure is crystallized. The peaks of the Co 2 B and Fe2B phases overlap and therefore unambiguous interpretation of these peaks is difficult [4] .
In Fig. 1 the X-ray diffraction pattern of the sample annealed at the temperature of 573 Κ is not given because it has a diffusive "halo" characteristic of the amorphous phase. Also, measurements of the electrical resistivity and the Hall voltage for the samples annealed at temperature of 573 K did not show any changes in comparison with the values of those parameters for the as-received sample. However, those values change distinctly when crystallization occurs in the sample [1, 5] .
To observe changes in the metallic glass Fe18Co60Si9B13 before the crystallization the X-ray diffraction patterns, electrical resistance and the Hall voltage were measured for the samples annealed at the temperature of 673 K during different time intervals ranging from 10 2 to 2 x 104 s. The X-ray diffraction patterns presented in Fig. 2 prove that annealing of the sample for 104 s begins creation of the α-Fe phase. Moreover, annealing for 103 s leads to the changes in diffusive "halo" which is a proof of atomic rearrangements which give a small number of crystallites after annealing for 10 4 . s. Increase in the annealing time increases slightly the amount of those crystallites.
The changes of electrical resistivity are presented in Fig. 3 as relative changes with respect to the resistivity of as-received sample p0 (p0 = 1.75 ± 0.02 μΩ m). The electrical resistivity decreases with increasing annealing time. It saturates after annealing for 104 s, i.e. when the peak attributed to the formation of the crystalline α-Fe phase appears on the X-ray diffractogram (Fig. 2) .
In Fig. 4 the Hall resistance pH is shown as a function of the external magnetic induction Β0 for samples annealed during different time intervals. This dependence is typical of ferromagnetic substances [6] . The Hall resistivity and the electrical resistivity decreases as the time of annealing increases. These changes are slight in comparison to the changes caused by formation of the crystalline phase from the amorphous one [5] .
The measurements of the lifetime of positrons were carried out for the samples annealed at the temperatures of 573 and 773 K during different time intervals (1-105 s) . The obtained values of the positrons lifetime in amorphous samples correspond to the annihilation of positrons trapped at the monovacancy-sized free volumes. However, the values of the positrons lifetime for crystallized samples indicate occurrence of microvoids (agglomerates of several vacancies) [7] [8] [9] . In Fig. 5 the mean values of positron lifetimes are shown. They were calculated using POSITRONFIT computer program, which takes into account the positron source correction and the resolution function [10] .
In Fig. 5a the maximum of the positron lifetime is observed at 10 3 s of annealing time. It seems that the positron lifetime in positron trapping regions initially increases and later, after annealing above 10 3 s, decreases. This fact suggests that this phenomenon is caused by the atomic rearrangements occurring at 573 K and it is connected with the changes of topological ordering of the amorphous stuctures (TSRO). Thus, it can be stated that in the investigated metallic glass after annealing at 573 K the increase in the positron trapping in microdefects related to escalation of the monovacancy-sized free volumes in the amorphous structures can be observed. The calculated values of positron lifetimes after the process of crystallization vs. time are plotted in Fig. 5b . One can observe a distinct decrease in τ. From this fact it is possible to conclude that the decrease in positron lifetimes in positron trapping areas after crystallization is connected with the formation of microvoids in the investigated specimens.
Recapitulating the obtained results one may conclude that annealing at the temperature of 673 K for 104 s lies on a borderline between the arrangement of atoms within short and long range ordering.
Crystallization of the phase with the α-Fe structure requires the smallest activation energy in comparison to the phases Co2B and Fe 2 B. The energy provided by annealing at temperature of 673 K during 2 x 104 s is too small to crystallize completely the α-Fe phase from the amorphous phase of the investigated metallic glass.
